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ABSTRACT 

A model has been developed to permit analysis of the 
Orbital Assembly Electrical Power System (EPS) f o r  the AAP 
missions. Two power sources, the Airlock Module voltage 
regulators and the Service Module fuel cell assemblies, are 
considered. 

The use of the equivalent circuit f o r  the systems 
network together with equivalent source voltages and impedances 
permits simulation of the total EPS when interconnected for 
power transfer. Numerical data have been obtained to gain a 
better understanding of the overall EPS performance while 
power is being transferred between modules. 
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MEMORANDUM FOR FILE 

I N T R O D U C T I O N  

Two power s o u r c e s  are c o n s i d e r e d  i n  t h i s  a n a l y s i s  
o f  t h e  A A P  O r b i t a l  Assembly  E l e c t r i c a l  Power System -- t h e  
A i r l o c k  Module ( A M )  v o l t a g e  r e g u l a t o r s  t h a t  t r a n s f e r  power 
from t h e  s o l a r  array or AM b a t t e r i e s  to t h e  sys t em and t h e  
S e r v i c e  Module (SM) f u e l  c e l l  assemblies (FCA) where e l e c t r i c a l  
e n e r g y  i s  produced  by t h e  r e a c t i o n  o f  hydrogen and oxygen.  
Two i d e n t i c a l ,  p a r a l l e l  d i s t r i b u t i o n  sys t ems  are  used  t o  
c o n n e c t  t h e  s o u r c e s  and d i s t r i b u t e  power t o  t h e  i n d i v i d u a l  l o a d s .  
I n  t h i s  a n a l y s i s  t h e  assumpt ion  i s  made t h a t  t h e  d i s t r i b u t i o n  
s y s t e m s  are  e q u a l l y  l o a d e d .  

Us ing  t h e  s c h e m a t i c  of  each  d i s t r i b u t i o n  sys t em g i v e n  
i n  E e f e r e n c e  1, t h e  z q u l v a l e i i t  c i r * c u i t  has been  found and i s  
shown i n  F i g u r e  1. The r e g u l a t o r s  and t h e  FCA’s are  r e p r e s e n t e d  
by e q u i v a l e n t  v o l t a g e  s o u r c e s .  The l o a d s  a re  t r e a t e d  as l i n e a r  
impedances .  A s e t  o f  l o o p  e q u a t i o n s  i s  w r i t t e n  t o  s o l v e  for 
l o o p  c u r r e n t s .  However, t h e  FCA’s p o s s e s s  a n o n l i n e a r  v o l t a g e -  
c u r r e n t  r e l a t i o n s h i p .  An i t e r a t i v e  l i n e a r  a n a l y s i s  i s  t h e r e f o r e  
used  to d e t e r m i n e  t h e  l o o p  c u r r e n t s .  The i t e r a t i o n  p r o c e d u r e  
w i l l  be d i s c u s s e d  i n  d e t a i l .  

A computer  program has been  w r i t t e n  t o  o b t a i n  
n u m e r i c a l  r e s u l t s .  The a v a i l a b l e  data  on t h e  power r e q u i r e m e n t s  
f o r  most modules i n  t h e  A A P  O r b i t a l  Assembly g i v e  o n l y  m i s s i o n  
a v e r a g e ,  w o r s t - o r b i t  a v e r a g e ,  and maximum l o a d s .  The e x c e p t i o n  
i s  t h e  CSM f o r  which Nor th  American Rockwell  has g e n e r a t e d  AAP 
l o a d  p r o f i l e s .  

ELECTRICAL POWER SYSTEM ANALYSIS 

The e q u i v a l e n t  c i r c u i t  f o r  each  d i s t r i b u t i o n  s y s t e m  i n  
t h e  O r b i t a l  Assembly i s  shown i n  F i g u r e  1. Each l o a d  i n  t h e  
power sys t em has b e e n  c o n s i d e r e d  as an  e q u i v a l e n t  l o a d  impedance. 
The AM v o l t a g e  r e g u l a t o r  i s  r e p r e s e n t e d  by a n  e q u i v a l e n t  v o l t a g e  
s o u r c e  w i t h  a no-load v o l t a g e  VR and a s o u r c e  impedance R R .  

(NASA-CB-106741)  ANALYSIS OF A A P  ORBITAL N79 - 72 79 3 ASSEMBLY ELECTRICAL POWER SYSTEHS (Bellcomm, 
I n c . )  76 p 

Unclas  
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The FCA i s  a l s o  r e p r e s e n t e d  by a n  e q u i v a l e n t  v o l t a g e  s o u r c e  
w i t h  a no-load v o l t a g e  VFc and a s o u r c e  impedance R 
t h e  a c t u a l  f u e l  c e l l  v o l t a g e  and  i n t e r n a l  impedance are n o t  
l i n e a r  w i t h  c u r r e n t ,  t h e  p r o c e d u r e  deve loped  i n  t h e  n e x t  
s e c t i o n  i s  used  t o  i t e r a t i v e l y  s o l v e  t h e  s e t  o f  l i n e a r  
e q u a t i o n s :  

Because FC 

CZl x [I1 = [VI 

[Zl i s  a 8 by 8 impedance m a t r i x :  

CZl = 
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where from F i g .  1: 
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RMD -- are the equivalent load impedances for 
the Service Module, Command Module, Airlock Module, Multiple 
Docking Adapter, and so on. The expression f o r  RFC is given 
in the following section: 

R ~ ~ 9  R ~ ~ 9  R ~ ~ 9  

[VI is a column vector of voltage sources and can be 
writ ten: 

[VI = cv,, v2, v3, - - - v,] 

where 

v1 = VR 

v2 

va - v~~ 

= v3 = v4 - - v5 = V6 = v7 = 0 

- 

The expression for VFc is given in the following section. 

CII is a column vector of l o o p  currents, 

CII = [I,, 12, 13, - - I,] 

which can be solved by using Equation (1): 

( 3 )  

CII = rz1-l x [VI 
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E q u a t i o n  ( 4 )  i s  s o l v e d  i t e r a t i v e l y  w i t h  RFC and VFc r e - e v a l u a t e d  
a t  each  i t e r a t i o n  s t e p  u n t i l  conve rgence  i s  o b t a i n e d .  The 
s i g n  and magni tude  of each  loop  c u r r e n t  w i l l  i n d i c a t e  t h e  
e x a c t  pe r fo rmance  o f  t h e  power s y s t e m .  F o r  i n s t a n c e ,  t h e  t o t a l  
power d e l i v e r e d  by t h e  FCA (PFc)  or t h e  t o t a l  power d e l i v e r e d  
by t h e  AM r e g u l a t o r  (P,) can be c a l c u l a t e d :  

where t h e  factor of 2 a r i s e s  b e c a u s e  w e  have t r e a t e d  one o f  t h e  
two d i s t r i b u t i o n  s y s t e m s .  

EQUIVALENT C I R C U I T  OF THE FUEL CELL POWER SUPPLY 

The e q u a t i o n  which r e l a t e s  t h e  FCA o u t p u t  v o l t a g e  
t o  c u r r e n t ,  e lapsed o p e r a t i n g  t ime,  and d e g r a d a t i o n  r a t e  i s* :  
( R e f .  2) 

1 - 
V = [Vo - a1 - b ( c  t I l2  - D t ] N  

where 

I = C u r r e n t  

D = Degrada t ion  r a t e  

t = E l a p s e d  o p e r a t i n g  t ime 

N = Number of c e l l s  p e r  F C A  

Vo, a ,  b ,  c are c o n s t a n t s .  

( 7 )  

* Tempera ture  e f f e c t s  a r e  i g n o r e d  b e c a u s e  t h e  f u e l  c e l l  
t e m p e r a t u r e  w i l l  be s t a b i l i z e d  w i t h i n  2 5OF d u r i n g  t h e  m i s s i o n .  
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In order to incorporate this equation into the set of linear 
loop equations, (1) or ( 4 1 ,  we can write Equation (7) as 

V = VF - RFI 

which represents an equivalent voltage source with an open 
circuit voltage VF and source impedance RF. 

the nonlinear term (c + 1I2, VF and RF are not constants. 
Hence a numerical iteration procedure must be employed. First 
we assume VF and RF are constants and use Equation ( 4 )  to 
determine I, then successively correct the values of VF and RF 
by using the previously evaluated I until the desired accuracy 
is reached. 

However, due to 
1 - 

To insure fast convergence of the iteration scheme, 
let 

.. 
I = f 3 + I  

where f3 is a positive constant to be chosen such that 

.. 
I 

C + 6  
< <  1 

Then the term (c + I)' is expanded into a power series and is 
written as follows 
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1 

where 

Substituting (9) into ( 7 )  and rewriting as Equation (81,  we 
obtain: 

1 

V and R depend implicitly on I through the parameter A. 
F F 

~. . 

It is clear that a fast convergent series A in powers of I 
insures the fast convergence of the iteration procedure used 
to solve Equation ( 4 ) .  
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The i n t e r n a l  impedence o f  t h e  FCA, RFC,  c a l l e d  f o r  
i n  E q u a t i o n  ( 2 )  i s  e q u a l  to RF (Eq. 1 2 )  when two FCA's are b e i n g  
o p e r a t e d .  I f  a l l  t h r e e  FCA's are  o p e r a t i n g  i n  p a r a l l e l ,  t h e n  

= 2 / 3  RF. The no-load FCA v o l t a g e ,  VFc c a l l ed  f o r  i n  ( 3 )  RFC 
i s  e q u a l  t o  VF ( E q .  11). The c u r r e n t  I8 c a l l e d  f o r  i n  ( 4 )  i s  
e q u a l  t o  I i n  ( 8 ) .  

RESULTS 

The sys t em has been a n a l y z e d  f o r  a v e r a g e ,  maximum, and 
minimum m i s s i o n  power r e q u i r e m e n t s ,  which are t a k e n  from 
R e f e r e n c e  3 and presented i n  T a b l e  1. F i g u r e  2 shows t h e  i n i t i a l  
power s u p p l i e d  by three 3 1 - c e l l  FCA's and two 3 1 - c e l l  FCA's as a 
f u n c t i o n  of AM r e g u l a t o r  v o l t a g e  when mis s ion -ave rage  l o a d s  
e x i s t .  The three-FCA c o n f i g u r a t i o n  w i l l  s u p p l y  a p p r o x i m a t e l y  
250 wat ts  more t h a n  t h e  two-FCA c o n f i g u r a t i o n  for any g i v e n  
r e g u l a t o r  v o l t a g e  s e t t i n g .  S i n c e  t h e  a v e r a g e  f u e l  c e l l  power 
i s  l i m i t e d  t o  1 8 0 0  wat ts  d u r i n g  a 56-day m i s s i o n  by c r y o g e n i c  
s u p p l i e s ,  t he  two 3 1 - c e l l  FCA c o n f i g u r a t i o n  i s  p r e f e r a b l e ,  
It  i s  a l s o  des i r ab le  for r e l i a b i l i t y  and sys t em f l e x i b i l i t y .  

F i g u r e  3 shows t h e  t o t a l  power d e l i v e r e d  by t h e  f u e l  
c e l l s  as a f u n c t i o n  o f  mis s ion  t i m e  f o r  m i s s i o n  a v e r a g e  l o a d s .  
A t  t h e  end o f  t h e  56-day m i s s i o n ,  t h e  FCA o u t p u t  v o l t a g e  w i l l  
h ave  d e c r e a s e d  due t o  d e g r a d a t i o n .  When connec ted  i n t o  t h e  network 
w i t h  t h e  AM r e g u l a t o r s  a l s o  s u p p l y i n g  power, t h e  power s u p p l i e d  by 
t h e  FCA's w i l l  d e c r e a s e  b y  a s  much as 400  wat ts  o v e r  t h e  l e n g t h  o f  
t h e  m i s s i o n .  T h i s  means t h a t  i n c r e a s i n g  amounts o f  power must be 
t r a n s f e r r e d  from t h e  AM t o  t he  CSM t o  meet m i s s i o n  a v e r a g e  r e q u i r e m e n t s .  

F i g u r e  4 shows t h e  power s u p p l i e d  by AM EPS and t h e  
FCA's as a f u n c t i o n  o f  AM r e g u l a t o r  v o l t a g e  a t  t h e  b e g i n n i n g  
of a CSM m i s s i o n .  Maximum and a v e r a g e  C S M  power r e q u i r e m e n t s  
have  been  c o n s i d e r e d .  A t  t h e  maximum CSM power l e v e l ,  t h e  t o t a l  
s y s t e m  power r e q u i r e m e n t  a t  any AM v o l t a g e  r e g u l a t o r  s e t t i n g  
i s  t h e  sum o f  t h e  dashed PR and PFc c u r v e s  i n  F i g u r e  4 .  The 
AM r e g u l a t o r s  w i l l  be  ove r loaded  if PR i s  g r e a t e r  t h a n  t h e  

c a p a b i l i t y  o f  t h e  AM power sys t em ( t h i s  c a p a b i l i t y  i s  a f u n c t i o n  
of t h e  s u n l i n e - o r b i t  p l a n e  a n g l e  and the  t i m e - d e g r a d a t i o n  of 
t h e  a r r a y  o r  t h e  power c a p a c i t y  of t h e  AM b a t t e r i e s ) .  Matching 
PR ( t h e  r e q u i r e m e n t )  w i t h  t h e  c a p a b i l i t y  y i e l d s  a v o l t a g e  
s e t t i n g  t h a t  w i l l  p r e v e n t  o v e r l o a d .  O p e r a t i o n  of  t h e  t h i r d  
FCA w i l l  r a i s e  t h e  PFc curve  and t h e r e f o r e  lower  t h e  P 
t h u s  p e r m i t t i n g  h i g h e r  AM v o l t a g e  s e t t i n g s  w i t h o u t  o v e r l o a d .  

c u r v e ,  R 
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F i g u r e  5 shows t h e  power r e q u i r e m e n t  f rom t h e  FCA's 
as a f u n c t i o n  o f  CM power r e q u i r e m e n t  f o r  t h r e e  v a l u e s  o f  
AM r e g u l a t o r  v o l t a g e  and two v a l u e s  of  SM power r e q u i r e m e n t .  
F o r  an  i n c r e a s e  i n  CM power r e q u i r e m e n t  of  3000 watts,  t h e  
FCA's must s u p p l y  1 2 5 0  watts w h i l e  t h e  r e s t  o f  t h e  power w i l l  
b e  s u p p l i e d  by t h e  AM r e g u l a t o r s .  An i n c r e a s e  o f  1 v o l t  i n  
t h e  AM no-load r e g u l a t o r  s e t t i n g  w i l l  r e d u c e  t h e  FCA's o u t p u t  
by abou t  260 watts.  

F i g u r e  6 shows t h e  e f f e c t s  o f  t h e  l i n e  r e s i s t a n c e s  
on t h e  power s y s t e m ,  where t h e  maximum CSM power r e q u i r e m e n t  
i s  c o n s i d e r e d .  L ine  R i s  t h e  t y p i c a l  v a l u e  of  l i n e  r e s i s t a n c e s  
g i v e n  i n  Ref .  1. 

r e s i s t a n c e s  b e i n g  doub le  or ha l f  o f  t h e  v a l u e s  o f  l i n e  R .  
I n  o t h e r  words,  t h e  s i z e  of t h e  bus wires w i l l  a l s o  a f f e c t  t h e  
s y s t e m  per formance .  

1 Line  2R o r  l i n e  7 R  i n d i c a t e s  t h e  l i n e  

DISCUSSION 

1. For  t h e  56-day m i s s i o n ,  t h e  no-load v o l t a g e  s e t t i n g ,  
V R ,  o f  t h e  AM r e g u l a t o r s  s h o u l d  b e  i n i t i a l l y  a d j u s t e d  h i g h e r  
t h a n  30V i n  o r d e r  t o  l i m i t  t h e  FCA's t o  1800  watts a v e r a g e  
power d u r i n g  t h e  e n t i r e  m i s s i o n .  However, f o r  t h e  28-day m i s s i o n  
s i n c e  t h e  a v e r a g e  power o f  f u e l  c e l l  can  b e  2 .25  kw ( R e f .  
t h e  v o l t a g e ,  V R ,  can  be a d j u s t e d  lower  t h a n  i n  t h e  56-day 
m i s s  i o n .  

4), 

2 .  The t h i r d  F C A  i s  n e c e s s a r y  t o  a s s u r e  a d e q u a t e  
power c a p a b i l i t y  th roughou t  t h e  m i s s i o n  i n  t h e  e v e n t  o f  a n  FCA 
f a i l u r e  or d u r i n g  p e r i o d s  of maximum power r e q u i r e m e n t s .  
However, d u r i n g  t h e  a v e r a g e  power c o n d i t i o n ,  two 3 1 - c e l l  FCA's 
a r e  p r e f e r a b l e .  

1 0  22-LLW-ep 
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